Results are presented from experimental studies of the initiation of combustion in a stoichiometric methaneoxygen mixture by a freely localized laser spark and by a high-current multispark discharge in a closed chamber. It is shown that, preceding the stage of 'explosive' inflammation of a gas mixture, there appear two luminous objects moving away from the initiator along an axis: a relatively fast and uniform wave of 'incomplete combustion' under laser spark ignition and a wave with a brightly glowing plasmoid behind under ignition from highcurrent slipping surface discharge. The gas mixtures in both the 'preflame' and developed-flame states are characterized by a high degree of ionization as the result of chemical ionization (plasma density n e ≈ 10 12 cm −3 ) and a high frequency of electronneutral collisions (ν en ≈ 10 12 s −1 ). The role of chemical ionization in constructing an adequate theory for the ignition of a gas mixture is discussed. The feasibility of the microwave heating of both the preflame and developed-flame plasma, supplementary to a chemical energy source, is also discussed. 
Introduction
This study has been stimulated by recent investigations at the Prokhorov General Physics Institute of Russian Academy of Sciences that were concerned with the initiation of the combustion of methane-oxygen and hydrogen-oxygen mixtures in closed cylindrical chambers. The combustion was initiated by localized high-power discharges in which energy was released in small volumes as compared with a chamber volume. These include laser sparks, which are excited on the surface of solid target [1] , direct laser heating in the focal spot [2] , microwave discharges [3, 4] and highcurrent slipping surface discharges [5] [6] [7] . In [8] , the first results on a laser spark freely localized in a reactor chamber and working as a combustion igniter were presented.
The investigations have shown that the complete inflammation in the reactor chamber is preceded by a specific stage that prepares a combustible gas for an 'explosion' volume combustion based on branching chain reactions. In [1, 3, 6, 8] , this initial stage was called 'incomplete combustion ' . In experiments with laser sparks and microwave discharges [1] [2] [3] 8] , we observed the formation of a wave of weak, relatively uniform 'blue' radiation preceding the volume combustion that appears as a bright burst throughout the reactor volume when the chemical energy in the branching chain reactions is converted almost entirely into heat and the equilibrium temperature is attained in the combusted gas mixture.
A somewhat different behaviour is observed in the preflame phase when combustion is initiated by high-current surface discharge [5] [6] [7] . In this case, local brightly glowing objects that originated in the initiator begin to move along the axis of the cylindrical chamber. The axial oscillation of these objects preceded the fast ('explosion') and spatially uniform combustion of the methane-oxygen (or hydrogen-oxygen) mixture that filled the closed reactor.
The terminology relevant to analogous objects generated by high-current multispark discharges is as yet uncertain. In some papers (e.g. [1] [2] [3] [4] [5] [6] ), these objects are called 'long-lived plasmoids'. In other investigations, brightly glowing long-lived objects that run away from the location of the energy release (their place of origin) are termed 'plasma bullets', 'plasma plumes' or 'plasma balls' [9] [10] [11] [12] [13] [14] . Clearly, the authors use one or other of these terms tentatively, as available experimental data on the parameters of these long-lived luminous objects are limited and, in particular, information about the plasma density in these local bright regions is almost totally lacking.
The intent of this work was to find information (in addition to that presented in [1] [2] [3] [4] [5] [6] [7] [8] ) about the structure and dynamics of the formation of flames initiated by powerful discharges excited in a local small area of a reactor chamber as well as to acquire results on the role of chemi-ionization processes in the ignition of combustion and in the parameters of a developed flame.
As a method of combustion ignition, two types of local plasma (microplasma) production systems have been applied: freely localized laser (HF laser) spark and high-current slipping surface discharge. The results of our investigations on initiation by such a means of combustion presented in recent publications [15, 16] are partly put to use in this paper.
The investigations performed may be useful in constructing a physical model of the ignition and propagation of a flame initiated by high-power electric discharges in closed volumes.
Experimental layout and diagnostics techniques
The experimental layout applied in the experiments with the laser spark as an ignitor of flame is shown in figure 1 . The cylindrical quartz reactor chamber (1) of diameter D ∼ = 5 cm and length L ∼ = 25 cm is evacuated to a pressure p ≤ 0.1 Torr and filled with a stoichiometric CH 4 : O 2 mixture at a pressure of 135 ≤ p ≤ 180 Torr. The chamber is closed at the sides with flanges, one with a metallic blank flange and the other with a quartz window to input a powerful chemical (HF) laser radiation [17] . The laser parameters are as follows: the wavelength is λ = (2.7-3) µm, the pulse duration τ = 160 ns, and the energy in one pulse ε = (2-3) J. A BaF 2 lens with a focal length F = 10 cm focuses the laser beam onto the chamber axis at a distance L ∼ = 3 cm from the window. The laser beam input into the chamber is accompanied by gas breakdown near the focal spot that forms a freely localized laser spark (3). The laser spark, in turn, initiates the combustion of the stoichiometric methane-oxygen mixture in the chamber. Figure 2 shows the schematic of a reactor with the high-current slipping surface discharge initiation of combustion. The chamber (2) in the reactor is the same as that shown in figure 1. The chamber is evacuated to a pressure of p ≤ 0.1 Torr and filled with a working stoichiometric CH 4 : O 2 gas mixture at a pressure of p = 180 Torr.
The initiator of combustion is a multi-electrode discharger described in several previous papers (e.g. [5] ). The discharger used in the present experiments is shown schematically in figure 3 . This discharger consists of a sequence of ring electrodes arranged on a dielectric tube (ceramic, fluoroplastic, Plexiglas) with diameter D d ∼ = 5 mm. A back-current conductor lies inside the tube as shown in figure 3a. The geometry of the discharger is devised so that a high-voltage pulse with a rather steep front causes a high-speed ionization wave to propagate along the discharger. As a result, a high-current (I ≤ 1-10 kA) low-threshold slipping surface discharge forms as a consequence of plasmoids arising in interelectrode gaps. Power was supplied by a high-voltage pulse generator with an amplitude up to U ≤ 20 kV and a pulse duration of τ i ∼ = 10-20 µs. Typical oscillograms of the discharge voltage and current are presented in figure 4 , and the equivalent circuit of the discharger is shown in figure 3b . The diagnostic equipment used in the investigations of combustion processes developing in the closed cylindrical chamber includes the following:
-collimated photomultipliers FEU-142 (sensitive to UV radiation 200 ≤ λ ≤ 380 nm) and FEU-106 (sensitive to visible radiation) (6), (7) . The time resolution of photomultipliers is t ≈ 4 µs; -an AvaSpec-3648 spectrograph (8); -a Photron Fasteam BC-2 HD high-speed video camera (filming speed 18 000 frames per second); and -a confocal lens system for formation and reception of a diagnostic microwave beam probing the plasma in the direction orthogonal to the Z-axis at a distance L from the electric-discharge initiator (4).
In both experiments made on the basis of the schemes shown in figures 1 and 2, the caustic of the probing microwave beam is sufficiently long that the beam diameter within the diagnostic crosssection changes insignificantly. The diagnostic radiation passed through the reactor chamber is transmitted by a receiving horn-lens antenna onto a detector, and the detector signal is recoded by a Tektronix TDS 210 oscillograph. The microwave diagnostic ranks among the basic diagnostics because it allows us to determine the electron density in a chemically ionized medium. In view of the specific conditions of our experiment, we have developed and used a two-frequency scheme based on the measurement of the absorption coefficients of two microwave beams at different frequencies ω 1 and ω 2 (wavelengths λ 1 and λ 2 ). To generate two diagnostic beams, we used each time two of the three available generators operating at wavelengths λ 1 = 0.8 cm, λ 2 = 0.4 cm and λ 3 = 0.2 cm.
We carried out a preliminary calibration of the detectors by measuring the dependence of the signal amplitude on the microwave power. The range of microwave powers in our experiments was chosen such that the dependence of the signal on the microwave power was almost linear. For diagnostic purposes, the method of two-frequency microwave probing is a great advantage, because there is no need to determine the absolute value of the intensity of the detected microwave beam. The parameter being measured here is the attenuation of the beam in its passage through the plasma.
The microwave diagnostic is discussed in the next section in greater detail.
3. Two-frequency microwave diagnostics of the plasma produced by chemi-ionization
The microwave method for measuring the electron density has a number of apparent advantages:
-any contacts of the measuring equipment with the plasma are avoided (unlike widely applied Langmuir probe measurements [18, 19] ); -the measurements are capable of being performed in high-pressure gaseous media (i.e. no medium rarefaction is needed, as is particularly needed in the case of electrostatic ion analysers [20] ); and -there is an adequate theory of the interaction of microwaves with a high-collision frequency low-temperature plasma layer [21] , while a generally recognized theory of the Langmuir probe operation under non-steady conditions in the presence of chemi-ionization reactions is lacking.
However, the attempts to realize the microwave technique for characterizing plasmas in high-pressure gases meet great difficulties, first of all because of the necessity to determine the electron-neutral collision frequencies ν en . The microwave beam electric field attenuation coefficient α whose determination underlies the method of measuring n e in strongly collisional plasmas is coupled with the beam and plasma parameters by the relationship [21] 
where ω is the microwave cycling frequency and ω 0 is the plasma electron frequency: change the gas medium composition in the reactor. It should also be kept in mind that there is some uncertainty in the electron temperature T e caused by the presence of the chemi-ionization processes.
In this paper, the problem of the direct experimental determination of both n e and ν en is solved by bringing the second microwave beam into the diagnostics system and measuring the microwave radiation electric field attenuation coefficients at frequencies of ω 1 (wavelength λ 1 ) and ω 2 (wavelength λ 2 ). Given the attenuation coefficients α 1 and α 2 experimentally measured at the same cross section of the cylindrical reactor at the same instants of time, the quantities ν en are then determined such that the electron densities derived from (3.3) for a chemi-ionized plasma coincide with each other.
In our experiments, the attenuation coefficient α is determined by the expression
where d r is the reactor quartz tube diameter (d r ≈ 5 cm); and I 0 and I tr are the microwave detector signals measuring the radiation intensity in the absence and presence of a plasma, respectively. Using (3.3) and (3.4), one comes to a final equation for processing the experimental data:
Some typical calculated curves related to the two-frequency determination of the electron density n e are represented in figure 5 . The quartz cylindrical reactor chamber filled with a stoichiometric CH 4 : O 2 mixture at a pressure of p ≈ 180 Torr was successively irradiated in two independent realizations by the microwave beams with λ 1 = 0.2 cm and λ 2 = 0.8 cm at the same distance from the window L ∼ = 11 cm. The attenuation coefficients α 1 ( τ ) and α 2 ( τ ) were determined at four delays of τ = 2.1, 6, 8 and 11 ms; the time is kept from the instant of the laser pulse initiating combustion into the chamber. Given these coefficients and relationship (3.5), the dependencies of n e on ν en are then calculated (curves 1-4 for λ 1 and curves 5-8 for λ 2 ). The points of intersection of each pair of curves 1-5, 2-6, 3-7 and 4-8 allow the determination of the collision frequencies ν en ( τ ) and electron densities n e ( τ ) at a given instant of time (in other words, for the measured values of α 1 and α 2 , these points uniquely determine the collision frequency values resulting in the same values of the electron density measured by the beams at the two wavelengths). The two-frequency microwave diagnostics method for determining n e and ν en is known in the literature [21, 22] . In the present work, this method is first used to measure the electron density and the electron-neutral collision frequency under rather complicated conditions typical of the unsteady-state flame in hydrocarbon-oxygen mixtures in a closed chamber.
Experimental results (a) Laser spark as an ignitor of flame
The experiments on the initiation of combustion of the stoichiometric methane-oxygen mixture by a freely localized laser spark were carried out at two pressures: p 1 = 135 Torr and p 2 = 180 Torr. Figure 6 illustrates a series of typical frames of a video of the ignition process (p 0 = 135 Torr). The exposure time of each frame is 50 µs, and the delay time of each frame is given in the figure caption (the zero time corresponds to the laser firing instant).
These frames clearly demonstrate the existence of three characteristic phases observed in all experiments upon the initiation of combustion in closed tubes by high-power electric discharges [1, 2, 6, 8] . These are as follows: the first (initial) phase of a relatively short ( t 1 ≤ 10 µs) radiation from a spark excited in the laser beam focus (figure 6(1)); the second phase called, following combustion physics terminology, the 'induction' time, which is a relatively long ( t 2 ≤ 1.0 ms) period preceding the volume combustion of the gas mixture in the reactor (figure 6(2), (3)); and finally, the third phase of the fast ('explosive') volume combustion of the combustible mixture, which is characterized by a bright burst of duration t 3 ≈ 5-10 ms (figure 6(5)- (8)).
It should be stressed that the term 'combustion' that we have used above means that the oxidation process reaches the stage whereupon the branching chain reactions come into play. A distinguishing feature of this phase is that the chemical energy of the stoichiometric mixture is converted almost entirely into heat and the equilibrium temperature is attained (in a CH 4 : O 2 mixture, this temperature is equal to T tr ≈ 3000 K).
In the second (induction) phase, we observed a wave of a weak relatively uniform 'blue' radiation propagating along the axis from the spark towards the opposite end of the chamber.
The radiation wave appears as a luminous cylindrical region with a semispherical front. The axial velocity of the wave increases with the distance from the spark and reaches 5 × 10 4 cm s −1 .
This weak radiation wave is undoubtedly a consequence of the chemical oxidation reactions. However, the mixture behind the wavefront does not attain the combustion condition. For this reason, the wave observed in the second phase was referred to in [1, 2, 6, 8] as the 'incomplete combustion' wave. The temperature in this wave is estimated to be T ≤ 2000 K < T tr [6] .
The volume combustion begins only in the third phase and the temperature reaches its equilibrium value T tr . This phase is characterized by the increasing intensity of the radiation from the reactor volume. In this case, the OH radical contribution to the optical radiation increases substantially, thus providing firm evidence that the temperature exceeds 2000 K [6] .
The initial stage of the third phase (volume combustion) is characterized by a strong spatial radiation distribution inhomogeneity, which becomes less pronounced in the developed combustion phase (figure 6(7), (8)).
The ignition process phases in the methane-oxygen mixture that are clearly demonstrated by the video frames in figure 6 can also be inferred from the oscillograms taken with both the collimated photomultiplier and the detector measuring the diagnostic radiation passed through the reactor. A typical microwave detector oscillogram measured at a distance of L ≈ 15 cm from the reactor input window is shown in figure 7 (p 0 = 135 Torr). The zero instant of time corresponds to the laser firing moment. Within 0.5 ms, the incomplete combustion wave initially arising in the spark spot arrives at the diagnostic cross section. Within t ≈ 1.2-1.3 ms, the oscillograms display signals that provide firm evidence that the gas mixture combustion begins.
It follows from figure 7 that at p 0 = 135 Torr, the diagnostic microwave beam (λ 2 = 0.8 cm) suffers substantial attenuation by absorption (up to 80% of the signal amplitude) not only passing through the medium in the combustion phase, but also in the phase preceding the combustion.
Using the two-frequency microwave diagnostic and plotting the dependences similar to those presented in figure 5 , we have determined the electron density n e at different instants of time during both the second phase and combustion. It was found that the capabilities of the two-frequency diagnostics are limited to the times such that the processes preceding and accompanying the combustion occur sufficiently uniformly within the volume irradiated by the diagnostic beam. As a rule, these times correspond to the second phase (incomplete combustion wave, shown in figure 6(2), (4)) and to the late combustion stages (figure 6(7), (8) Assuming the frequency ν en to be constant and averaged over the measurements performed at different instants, we constructed a continuous time dependence of n e as shown in figure 8. (b) High-current slipping surface discharge as an ignitor of flame Figures 9 and 10 show typical frames of video that illustrate the inflammation of a stoichiometric CH 4 : O 2 mixture at pressure p = 180 Torr. The combustion is initiated by a multi-electrode (multispark) discharger ( figure 2(1) ). The exposure time of each frame is t ≈ 27 µs, and the initial times of the frames are also shown. The series of frames presented in figure 9 illustrates the initial (preflame) stage of the action of multispark slipping surface discharge on the stoichiometric methane-oxygen mixture in the reactor chamber.
The collected frames in figure 10 characterize the glow in the reactor at the stage of the developed flame, namely, the 'explosion' inflammation throughout the reactor volume. Figure 11 shows the typical attenuation of diagnostic microwave beams (see the scheme of measurements in figure 2 ) after passing through the reactor cross section (wavelength λ 2 = 0.4 cm, distance L ∼ = 11 cm). Assuming the frequency v en to be constant and averaging over the measurements performed at different instants, we constructed a continuous time dependences of n e , as shown in figure 12.
Chemi-ionization kinetics and chemi-luminescence in the combustion of a methane-oxygen mixture (a) Mechanism of chemi-ionization and electron density evolution
This paper used a model developed to describe the combustion process in gaseous hydrocarbon fuels including methane. It was earlier used, as a component of the system, in modelling physical and chemical processes in a chemical compression reactor [23, 24] . This kinetic model comprises a set of equations adequately describing the key chemical and heat exchange processes occurring in the reactor. To describe both the chemi-ionization and charged particles kinetics in hydrocarbon mixtures, the set of reactions involving neutral components was supplemented with those including electrons and the ions HCO
The basic electron production and loss processes are as follows ((5.1)-(5.3), [26, 27] ; (5.4), [27, 28] ): , are less by a factor of 5-600 according to [29] so they were not taken into account. The role of the excited radical CH* is important under conditions of an external stimulating source such as laser impact [30] .
The results of the calculation for a mixture of CH 4 : O 2 = 1 : 2 at a pressure of p 0 = 180 Torr are given in figures 13-16. The calculations were performed for the initial temperatures T 0 = 800-1500 K. The equilibrium temperature for this mixture is established at a level of approximately 3000 K. For example, at T 0 = 1500 K, the maximum electron density at the ignition moment reaches n max e = 1.5 × 10 13 cm −3 ( figure 13 ), but after 20 µs it drops to 4 × 10 11 cm −3 . During this time, the temperature attains it equilibrium value. The measured value of the electron density is then equal to (2-6) × 10 12 cm −3 .
The reason for the difference between the calculated and experimental values of the maximum electron density n max e is as follows. In the experiment, the average electron density over a cross section of the microwave diagnostic beam is measured. In our measurements, a microwave beam is focused on a spot with a characteristic size of the order of the radiation wavelength λ = 8 mm. where t = 20 µs. The result of this procedure is presented in figure 13 (the curve 2), with a maximum average electron density of n e max = 2.8 × 10 12 cm −3 (t = 1.267 ms) and a maximum mole fraction of x n e max = 1.86 × 10 −6 . A slight maximum at the curve of the average (curve 2) is accounted for by the fact that the largest number of points with the largest values of electron density falls in that range of time. Taking into account the averaging of the electron density over the cross section of the microwave beam (focused spot), the calculated value n max e agrees well with the measured data and lies in the interval of absolute electron density values of (2-6) × 10 12 cm −3 .
Data on the gas temperature during the initial combustion stage are taken from our experiments [6] , in which a gas temperature in conditions close to isobaric was determined using a holographic interferometer. At the late stage in the process (at the stage of developed flame), the gas temperature value was taken from our experiments [7] , where it was determined from the optical spectrum approximated by Planckian intensities of radiation emitted from the flame region.
Upon varying the mixture composition (methane-oxygen or methane-air), both the maximum electron densities and those at the equilibrium temperature change. In figure 14 , the absolute and relative electron densities are represented for mixtures of 33% CH 4 + 67% O 2 and 9.5% CH 4 + 19% O 2 + 71.5% N 2 as a function of the initial mixture temperature. Upon decreasing the initial temperature, the maximum temperature also decreases: T 0 = 800-1500 K and T max = 3190-3530 K. However, because the pressure at its maximum increases, the relative electron density diminishes by approximately a factor of 2, and the absolute density also slightly changes ( figure 14) .
The maximum electron density in the CH 4 -air mixture is nearly an order of magnitude less than that in the methane-oxygen mixture and drops more sharply upon decreasing the temperature: n e = 1.76 × 10 12 cm −3 and 1.51 × 10 13 cm −3 at T 0 = 1500 K, respectively, whereas at T 0 = 1000 K the corresponding values are n e = 1.27 × 10 12 cm −3 and 1.35 × 10 13 cm −3 . The relative quantities also differ notably: n e /N = 1.44 × 10 −6 and 1.02 × 10 −5 at T 0 = 1500 K, respectively, as opposed to n e /N = 7.08 × 10 −7 and 6.21 × 10 −6 at T 0 = 1000 K. Because the maximum temperature T max increases with the rise in the initial temperature, the chemi-ionization process rate also increases. Similar results were reported in [9] . The diminution of the electron density when the temperature tends to the equilibrium value occurs several times faster in the CH 4 ions play minor roles (less 10%). After some milliseconds, n e reaches an equilibrium value of 10 10 cm −3 (at p 0 = 180 Torr), which is proportional to the initial pressure. The relative equilibrium value n e /N does not depend on the pressure.
(b) Estimation of electron-neutral collision frequency
As mentioned above, the increase in microwave radiation absorption may result not only from increasing the electron density, but also from increasing the electron-neutral collision frequency ν en ( figure 15 ). It follows from our calculations that significant changes in the fuel mixture composition occur during the oxidation time which can appreciably affect the ν en value. The reduced collision frequencies ν en /N as a function of the mean electron energy in the stoichiometric CH 4 -O 2 mixture and combustion products mixture (H 2 : H 2 O : CO 2 : CO = 4 : 3 : 1.5 : 1.5) are shown in figure 15 . The electron energy distribution function (EEDF) is suggested to be Maxwellian, with the degree of ionization no more than 10 −6 . The calculations were carried out using the set of electron impact cross sections presented in [31] . Based on the experimental results of predecessors who investigated the methane-oxygen flame (Langmuir probe measurements [30, 32] ) [33] , we assumed in our calculations that the distribution function is of Maxwell's form, with T e ≤ 0.5 eV. It should be noted, however, that the problem of measuring the EEDF in a chemiionized medium is as yet unresolved experimentally, although such an experiment is now being designed.
It is seen that in the combustion products mixture, the electron-neutral collision frequency is higher than in the CH 4 
may bring about an essential distinction of the EEDF form from Maxwell's form. However in our experiments, the power of the microwave diagnostic radiation was very low, so the influence of that radiation on the EEDF is negligible.
(c) Sources of blue colour fluorescence onset
In attempting to construct a physico-chemical model of the 'primary' wave for our experiment, we might invoke the cool flame phenomenon which is an intrinsic process preceding the fast ignition of hydrocarbon-oxygen/air mixtures [34] . According to data found in the literature, the propagation of the cool flame is accompanied by a secondary oxidative reaction that transforms at a relatively high pressure into an explosion, i.e. into a hot flame. The period of propagation of the cool flame is merely a period of the accumulation of radicals needed to trigger branching chain reactions. Qualitatively, the primary wave and the subsequent thermal explosion observed in experiments (including our conditions) upon the initiation of combustion by high-power discharges fit in with the picture of the successive excitation of cool and hot flames [25, [35] [36] [37] [38] [39] . However, a direct analogy is hardly possible because of a number of peculiar features of the 'primary' wave, such as its very high propagation velocity (reaching and exceeding the speed of sound [40] ), and a gas temperature (1500-2000 K [40] ) far exceeding the temperature of the cool flame. It is not improbable that both the formation of the 'primary' wave in our experiments and the formation of a cool flame are governed by similar mechanisms. Assuming the 'incomplete combustion' wave to be related to chemical reactions in the gaseous medium, we still cannot propose a concrete scheme responsible for the observed phenomenon. As shown in [25] , the exterior source (discharge, laser spark) may preliminarily prepare the mixture and then cause a successive passage of cool and blue flames, which could result in an increase in the flame velocity up to 100-500 ms −1 in a mixture heated by the partial release of chemical energy [41] . In [25] , it is also shown that the discharge stimulates the appearance of a cool flame. In the conditions of our experiments, we may have excited the cool flame far from the inflammation limit for the CH 4 -O 2 mixture.
As can be inferred from figures 6 and 9, the blue colour fluorescence is observed behind the 'incomplete combustion' wavefront. It should be noted that a similar fluorescence has also been observed in [42] , wherein a nanosecond high-current discharge was used for the ignition of a propane-air mixture. The dynamics of the formation of a flame in a closed cylindrical chamber filled with a methane-oxygen mixture ignited by means of a high-current multispark discharge is found to be more intricate than is observed in the case of laser sparks [1] , microwave discharges [3, 4] or direct laser local heating [2] . On the one hand, as in [1] [2] [3] [4] , a discharge (or heating) of short duration, which is localized in a volume that is small compared with the chamber volume, is accompanied by a fast wave of weak, relatively uniform 'blue' radiation (that is the 'primary' or 'incomplete combustion' wave in terms adopted in [1] [2] [3] [4] ) propagating from the initiator inward the chamber (see photographs in figure 6 ). However, the flame condition is structurally different from that described in [1] [2] [3] [4] : behind the front of the 'incomplete combustion' wave, a brightly glowing 'yellow' object detaches from the initiator and begins to propagate in the axial direction at a somewhat slower velocity. The axial velocity of the preflame 'blue' wave can be as high as V z ≤ 10 5 cm s −1 , and the axial velocity of the 'yellow' formation ('plasmoid') is V z ≈ 2 × 10 4 cm s −1 .
The appearance of blue fluorescence may be associated with the radiation of the excited formaldehyde molecules (CH 2 O * ) and formyl radicals (HCO * ) and due to the radiation emitted in the recombination reaction O + CO → CO * 2 → CO 2 + hν. These three processes result in photon emission in the UV, dark blue and blue spectral regions with the wavelengths λ = 250-470 nm [41, 43] According to the investigations described elsewhere [34, 41] , in the considered temperature range of approximately 1000 to approximately 1500 K relevant to high-temperature oxidation, the appearance of blue colour fluorescence in a CH 4 + O 2 mixture (CH 4 + O 2 + CO + H 2 is an intermediate composition) comes principally from the fluorescence of the excited HCO * radicals.
Such a conclusion may be drawn starting from the analysis of the mixture composition dynamics before inflammation ( figure 16 ) and the reactions capable of producing these excited molecules. Some relevant reactions are discussed below. The high-temperature inflammation of methane (T 0 ≥ 770 K) has two stages: in the first stage, the oxidation process leads to the formation of CO and H 2 , which burn out in the second stage with active heat release. Because the initial temperature in the incomplete combustion wave is fairly high (approx. 1500 K), methane quickly decomposes in reaction (5.6) and during almost the entire induction delay time the methyl radical concentration remains notable (approx. 10 −3 ). The interaction of these radicals with oxygen in reaction (5.7) leads to CH 2 O formation, which slows down the subsequent CO oxidation in reactions (5.11) and (5.12) because mainly O and OH radicals rather than CO react with CH 2 O in reactions (5.9) and (5.10). The CH 2 O concentration is appreciably greater than that of CO during almost the entire induction delay time ( figure 16 ). [34, 41, 47] , the excited formyl HCO * radiation is thought to predominate under the conditions considered. In the methane-oxygen mixture, it is difficult to distinguish between the cool and blue flame stages. Neither CH 2 O * nor HCO * can be formed through thermal excitation and therefore the only sources of these components remain radical-exchange reactions and the recombination with thermal effects of no less than 76 and 60 kcal, respectively. In our case, the primary radicals are formed due to the fast heating in the incomplete combustion wave, resulting in methane decomposition. The primary radical generation is also possible under UV radiation from the discharge or laser spark zones, as has been observed in [48] . This radiation leads to the effective dissociation of oxygen molecules within the region being much more extended than that of the direct discharge or spark action.
(d) Long-living plasma formation generated by high-current slipping surface discharge
Plasmoids penetrating into the fast 'incomplete combustion' wave are shown in [5] [6] [7] to be plasma in a state close to equilibrium at a temperature T p ≈ 5000 K. This explains their long existence in the post-discharge stage, and their lifetime far exceeds the recombination time. It is likely that plasmoids are generated in microscopic explosions on the electrode surface. In vacuum discharges with multi-electrode constructions similar to those investigated in the present work, we have shown that plasmoids ejected from the discharger consist mostly of metal ions (specifically, of the electrode material) [49] . As is shown in a more recent paper by Batrakov et al. [50] , the metal drops that leave the cathode spot of the vacuum arc evaporate readily and immediately transform into plasmoids near the cathode surface. In [51] , it was demonstrated for the first time that explosionemission phenomena with the generation of metal plasmoids take place not only under high vacuum but also in a high-pressure gas (up to atmospheric pressure). Penetrating into a chemically inactive gaseous medium, a primary plasmoid cools down predominantly due to radiation energy losses. The plasmoid lifetime is determined by its characteristic cooling time.
The reverse condition occurs when a plasmoid penetrates into a combustible (chemically active) gaseous medium. The high temperature of the pasmoid stimulates combustion processes in the surrounding gas and forms a reverse (directed into the plasmoid) heat flux compensating the radiation losses. Conditions can be attained, wherein the plasmoid lifetime increases substantially and the interaction of the plasmoid with the CH 4 : O 2 mixture stimulates exothermic oxidation processes and formaldehyde production. If the formaldehyde content exceeds a certain critical value, branching chain reactions come into play [52] , which leads to a fast ('explosion') combustion of the gas throughout the reactor volume. The transition from the preflame 'incomplete combustion' state to the volume explosion flame is indicated in the present experiments (as well as in [6] ) by the appearance of the radiation of OH.
The axial motion of the plasmoid may be related to the motion of a heated gas behind the front of a shock wave moving away from the discharger. The original plasmoids can gain longitudinal momentum due to electrodynamic forces that act on the plasma of the slipping surface discharge, but are absent in both versions of laser-and microwave-induced ignition. These forces take place with regard to the construction of the discharger, specifically, the disposition of the back-current conductor ( figure 3) .
Of particular interest among the results of the present work are density measurements in the non-equilibrium plasma taken using the two-frequency microwave probing. These measurements demonstrated the appearance of non-equilibrium plasma with an electron density of the order of 10 12 cm −3 in both the preflame stage and the stage of 'explosion' volume combustion in the closed reactor.
According to the measurements, the attenuation coefficient of the diagnostic microwave radiation passing through the diameter of the quartz tube in both the preflame and developedflame stages reaches 60-80%. The effective microwave absorption in the preflame stage with a fast 'incomplete combustion' wave and a relatively slow plasmoid propagating from the discharger along the axis of the chamber allows us to count on realizing a localized microwave energy source in earlier phases of inflammation, thereby accelerating the transition from 'incomplete combustion' to 'explosion' volume combustion. This is of considerable industrial interest in the realization of highly effective combustion engines.
Chemical ionization, which is an underlying phenomenon of the diagnostics of the state of an inflammable medium, may play an important role in improving the control of the combustion process.
At last, chemical ionization in dense plasma may be effective in microwave non-selfmaintained discharges in large volumes, where the chemical processes provide the ionization of a gaseous medium and additional energy is transferred to electrons through the absorption of electromagnetic waves in the plasma. Systems of this type can find application in solving a number of plasmachemical problems.
In conclusion, it should be noted that the microwave measurements in the present experiments allow us to apply the term 'plasmoid' as an adequate definition for the brightly glowing object moving behind the front of the 'incomplete combustion' wave. To the wave itself, the term 'fast plasma jet' can be reasonably applied.
Conclusion
This paper is devoted to measuring the electron density in combustion processes. The method of electron density determination based on the plasma object translucence by two microwave beams with different frequencies ω 1 and ω 2 needs to be further developed to be adapted to the specific conditions of a combustible gaseous medium. Nonetheless, we have succeeded in using this method to obtain undoubtedly interesting results on CH 4 : O 2 mixture ignition by a freely localized laser spark and high-current slipping surface discharge in a closed volume. In our opinion, the most important results are follows:
-the electron density in the developed (hot) flames is found to be n e ≈ (2-6) × 10 12 -the plasmas with n e ≈ 10 11 -10 12 cm −3 are typical of not only the developed flames, but also of the 'incomplete combustion' waves and 'long-lived' plasmoids; and -the collision frequencies between the electron and neutral components ν en in the developed flame amount to ν en ≈ 10 12 s −1 , thus exceeding those in the initial mixture by more than an order of magnitude. The latter is ν en ≈ 3 × 10 10 s −1 , according to the electron momentum transfer cross-section data for O 2 and CH 4 molecules [31] .
The intermediate oxidation products have been analysed in view of possible reactions for producing excited formyl radicals and formaldehyde molecules, the latter of which irradiate in the dark blue and blue spectral regions. During almost the entire induction delay time, formaldehyde remains the main product of oxidation. CH 2 O * and HCO * radiations are the most likely to cause the blue-coloured fluorescence of the incomplete combustion wave. The occurrence of plasma with a relatively high electron density in the 'incomplete combustion' wave that was first revealed in our experiments is of interest for the development of an adequate physical model of forming this wave. An analysis of the plasma electron role in the fast 'blue fluorescence' wave appearance is one of the principal directions of further investigations.
At the same time, the availability of dense plasma in an 'incomplete combustion' wave could be used for the acceleration of flames with a powerful microwave radiation [56] .
